We study random, long-crested surface gravity waves in the laboratory environment. Starting with wave spectra characterized by random phases we consider the development of the modulational instability and the consequent formation of large amplitude waves. We address both dynamical and statistical interpretations of the experimental data. While it is well known that the Stokes wave nonlinearity leads to non-Gaussian statistics, we also find that the presence of the modulational instability is responsible for the departure from a Gaussian behavior, indicating that, for particular parameters in the wave spectrum, coherent unstable modes are quite prevalent, leading to the occurrence of what might be called a "rogue sea. The role of coherent structures in the statistical properties of a system of a large number of random waves is definitely a task of major importance both from theoretical and applicative points of view. It is well known that coherent modes in prototype wave equations such as Korteweg-de Vries ͑KdV͒ and nonlinear Schrödinger ͑NLS͒ are represented by their soliton solutions. While for KdV those are the only coherent modes, the NLS equations are characterized by a much richer family that are called "breather" or "unstable mode" solutions. Even though those solutions change their shape during their evolution ͑they are not traveling waves in the sense of solitons͒, they maintain their identity. The most striking and well-known example of these unstable modes is related to the modulational instability 1 ͑known as the Benjamin-Feir instability in the field of water waves͒. The result of this instability corresponds to a particular breather solution of the NLS equation. In physical space the picture that arises from those solutions is the following: during the evolution of an unstable wave packet, a single wave "steals" energy from neighbor waves and increases its amplitude, reaching a maximum and then returning its energy back to the other waves. Due to these properties, modes of this type have been considered as possible candidates to explain the formation of "freak waves" that typically manifest themselves as extreme events in ocean surface waves.
We study random, long-crested surface gravity waves in the laboratory environment. Starting with wave spectra characterized by random phases we consider the development of the modulational instability and the consequent formation of large amplitude waves. We address both dynamical and statistical interpretations of the experimental data. While it is well known that the Stokes wave nonlinearity leads to non-Gaussian statistics, we also find that the presence of the modulational instability is responsible for the departure from a Gaussian behavior, indicating that, for particular parameters in the wave spectrum, coherent unstable modes are quite prevalent, leading to the occurrence of what might be called a "rogue sea. The role of coherent structures in the statistical properties of a system of a large number of random waves is definitely a task of major importance both from theoretical and applicative points of view. It is well known that coherent modes in prototype wave equations such as Korteweg-de Vries ͑KdV͒ and nonlinear Schrödinger ͑NLS͒ are represented by their soliton solutions. While for KdV those are the only coherent modes, the NLS equations are characterized by a much richer family that are called "breather" or "unstable mode" solutions. Even though those solutions change their shape during their evolution ͑they are not traveling waves in the sense of solitons͒, they maintain their identity. The most striking and well-known example of these unstable modes is related to the modulational instability 1 ͑known as the Benjamin-Feir instability in the field of water waves͒. The result of this instability corresponds to a particular breather solution of the NLS equation. In physical space the picture that arises from those solutions is the following: during the evolution of an unstable wave packet, a single wave "steals" energy from neighbor waves and increases its amplitude, reaching a maximum and then returning its energy back to the other waves. Due to these properties, modes of this type have been considered as possible candidates to explain the formation of "freak waves" that typically manifest themselves as extreme events in ocean surface waves. 2, 3 The object of this Brief Communication is to highlight the role of the coherent modes in a system characterized by a large number of interacting random long-crested waves. Do these structures survive nonlinear interactions in real water waves? Can their presence substantially change the statistical properties of surface gravity waves? For a system composed of a large number of linear waves the surface elevation is expected to be described by a Gaussian probability density function. Under this hypothesis, Longuet-Higgins 4 showed that, if the wave spectrum is narrow banded, then the probability distribution of crest-to-trough wave heights is given by the Rayleigh distribution. The distribution was found to agree well with many field observations. 5 Nevertheless, recently in Refs. 6 and 7 it was shown numerically and theoretically that if the ratio between the wave steepness and the spectral bandwidth ͓this ratio is known as the Benjamin-Feir index ͑BFI͔͒ is large, a departure from the Rayleigh distribution is observed. This departure from the Rayleigh distribution was attributed to the modulational instability mechanism. Moreover, from numerical simulations of the NLS equation it was found in Ref. 8 that, as a result of the modulational instability, oscillating coherent structures may be excited from random spectra. In this Brief Communication we will show experimentally that the modulational instability can take place in real long-crested water waves mechanically generated as long as the BFI, i.e., the ratio between the wave steepness and the spectral bandwidth ⌬f / f 0 , where f 0 is the frequency spectral peak, is sufficiently large. For large BFI the modulational instability will lead to a "rogue sea," i.e., a highly intermittent sea state characterized by a high density of unstable modes. We here mention that some results on the statistical properties of the surface elevation as the distribution for wave heights for the same experimental data have been reported in Ref. 9 . With respect to that paper here we put the emphasis on the role of free modes which result in the modulational instability mechanism; moreover we here compare our experimental data with numerical simulations of the Dysthe equation.
The experiment was carried out in the long wave flume at Marintek, Trondheim, Norway ͑see Ref. Table I we report the parameters that characterized each JONSWAP spectrum. We have also included the Benjamin-Feir index defined as BFI = ͱ 2f 0 / ͑2⌬f͒.
The three different experiments will be called BFI0.2, BFI0.9, and BFI1.2, with an obvious meaning. In order to have sufficiently good statistics, a large number of waves were recorded. Note that the large amount of data is of fundamental importance for the convergence in the tail of the probability density function for wave heights. Therefore, for each type of spectrum, five different realizations with different sets of random phases have been performed. The duration of each realization was 32 min. The total number of wave heights ͑counting both up crossing and down crossing͒ recorded for each spectral shape at each probe was about 12 800 waves.
We first consider some deterministic aspects of the recorded series. We recall that our goal here is to show that even in random wave spectra, coherent unstable modes can be excited ͑or simply wave packets can undergo the modulational instability as they travel along the tank͒. In Fig. 1 we show 50 s of time series recorded in the wave tank for the case BFI0.9, i.e., the intermediate case. In Fig. 1 the lower time series corresponds to the recording of the first probe at a distance of 10 m from the wave generator. Note that the spectrum computed on the full time series shows a standard JONSWAP spectrum with random phases. We then follow the propagation of the random waves along the tank. The different time series are vertically shifted by a constant value of 0.4 m in order to have a better comprehension of the dynamics. Moreover, in order to follow the dynamics of a single wave group we have shifted in time the time series using the linear group velocity. This representation allows us to have a clear understanding of the evolution of wave trains. For example, if we now concentrate our interests in the first 10 s of the time series ͑from 1100 to 1110 s͒, we can follow the dynamics of a modulational instability process: as the wave packet propagates along the tank, the effect of nonlinear focusing takes place. Moving from 60 to 85 m from the wave generator, it is clear that the central part of the packet has "stolen" energy from the rest of the wave train and has increased in amplitude, generating waves whose height is larger than the surrounding wave train. At 115 m from the wave generator, the wave packet seems to have recovered almost its initial shape. Approximately the phenomenology just described is again observable in Fig. 1 if we look at the time interval between 1130 and 1140 s. In this last case the instability, and therefore the self-focusing, appears closer to the wave generator. We mention that, by a careful inspection of all the recorded time series, the dynamics just described is very evident for the case of the largest Benjamin-Feir index and almost absent for the case of the lowest Benjamin-Feir index.
The self-focusing effect observed in peaked random spectra modifies substantially the statistical properties of the surface elevation. In order to quantify this statement we concentrate our analysis on the kurtosis, the fourth-order moment of the probability density function. The kurtosis is here computed from the time series at different distances from the wave maker in the following way:
, where is the surface elevation and the angular brackets indicate averages in time. We recall that for a Gaussian distribution the value of the kurtosis is 3, while larger values of kurtosis in a time series indicate the presence of intermittent events such as those observed in Fig. 1 . In Fig. 2 we show the kurtosis for the three experiments as a function of the distance from the wave maker. The axes have been nondimensionalized using the wavelength corresponding to the peak period at the wave maker: for T = 1.5 s, L = 3.51 m. First of all, it should be noted from the figure that the kurtosis is always greater than the Gaussian prediction. For larger BFI ͑BFI= 0.9 and BFI= 1.2͒ the kurtosis grows very fast and reaches its maximum between 25 and 30 wavelengths from the wave maker.
For the smallest value of the BFI considered, it is shown that the kurtosis is almost constant with a mean value of 3.19. These results suggest a significant dependence on the BFI of the statistical properties of surface gravity waves. We analyze the physical mechanism responsible to the observed departure from the Gaussian statistics. It is well known that the values of kurtosis different from the Gaussian behavior could be in principle due to phaselocked modes ͑Stokes contribution͒ of the dominant wave numbers with higher harmonics. This mechanism is the result of three-wave ͑and higher-order͒ nonresonant interactions. Here we are mainly interested in the modulational instability mechanism, i.e., a quasiresonant four-wave interaction process that takes place near the peak of the spectrum. In order to discern whether the strong deviation from the Gaussian statistics ͑high values of kurtosis͒ is due to the Stokes contribution or to the modulational instability, we have performed the following analysis: we first have bandpassed the data by excluding all the frequencies greater than 1.5 times the peak frequency and lower than 0.6 times the peak frequency. By doing this we are confident that our filtered data do not have any contribution from the phaselocked Stokes modes. In other words, the filtering process allows us to build a new time series in which the Stokes contribution has been removed. The second step consists of calculating the kurtosis of the filtered data. As is clear from Fig. 3 , large values of kurtosis are still present for large BFI. This result supports the fact that the non-Gaussian statistics is due in part to the nonlinear interactions occurring near the peak of the spectrum.
We compare those results with numerical simulations of envelope equations. We consider here the Dysthe equation 11 which is an extension to higher order of the NLS equation and describes more appropriately wider spectra with respect to NLS. Our goal here is not to test the capability of the equation to reproduce exactly the experimental data but to 
x is space, t is time, 0 is the dominant angular frequency, k 0 is the respective wave number, and F is the Fourier transform operator. B is the complex wave envelope related to the surface elevation as follows:
where c.c. denotes complex conjugate. , B 2 , and B 3 are functions of B, i.e., the higher harmonics ͑and the zeroth harmonic͒ are phase locked to B. Their explicit forms are given, for example, in Ref. 13 . Our main goal is to show that we can observe a departure from a Gaussian behavior of the surface elevation even without including phase-locked Stokes modes. Therefore, in the following, the surface elevation will be constructed purposely only corrected to the first order ͑ = B 2 = B 3 =0͒; in this way we are confident that the deviations from Gaussianity that we will observe do not depend on phase-locked Stokes modes. We have used a standard pseudospectral code for solving Eqs. ͑1͒ and ͑2͒. compute the average spectrum for each of the three experiments ͑BFI0.2, BFI0.9, and BFI1.2͒ from experimental data at the first probe. Out of each spectrum, an ensemble of 1000 time series has been constructed, characterized by 1000 different sets of random phases. Those time series have been used as initial conditions for Eqs. ͑1͒ and ͑2͒, with periodic boundary conditions in time. Statistical quantities such as kurtosis have then been computed for each space step, first as an average over time and then averaging over the 1000 ensembles. The kurtosis as a function of the distance from the wave maker is shown in Fig. 4 . Numerical results, while not reproducing exactly the experimental data ͑compare Figs. 4 and 2͒, clearly show that the main dynamics is captured by the envelope equation in ͑1͒ and ͑2͒: the kurtosis grows as we move forward from the first probe and reaches higher values for larger BFI just as for the experimental data. The explanation of the differences between experiments and numerical simulations can be found in the following: the Dysthe equation does not model wave breaking which was visually observed during the experiments ͑especially for very large nonlinearity, BFI1.2͒, therefore the kurtosis reaches higher values in numerical simulations for BFI1.2; threedimensional effects are not considered in the numerical simulations and phase-locked modes have been ignored. In conclusion we may state that the stronger the initial condition of the random wave field is ͑large steepness and small spectral width, corresponding to large BFI͒, the greater is the number of wave packets which are modulationally unstable; therefore, increasing the BFI leads to the formation of a rogue-sea state. Starting from an initial random wave field, the instability needs statistical several wavelengths ͑about 25-30 wavelengths͒ to appear. The presence of the modulational instability changes significantly the wave statistics.
